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ABSTRACT: The polymeric display of proteins is a method that could be used to
increase the immunogenicity of antigens and to enhance the interaction strength of
binding domains for their target ligands through an avidity effect. However, the
coupling of proteins to oligomeric scaffolds is challenging. The chemical
conjugation and recombinant fusion techniques have limitations that prevent
their general use. In this work we describe a simple and effective method for
coupling proteins to the decameric structure of Brucella abortus Lumazine Synthase
based on the use of a pair of high affinity heterodimeric coiled coil peptides
complementary fused to the scaffold and the target protein. Results obtained with a

leu1-BLS

target-leu2/leul-BLS

target-leu2

series of proteins demonstrate the capability of this approach to generate polyvalent
particles. Furthermore, we show that the method is able to increase the immunogenicity of antigens and produce polyfunctional
particles with promising biomedical and nanotechnological applications.

B INTRODUCTION

The multiple display of molecules produced by the coupling to
polymeric scaffolds has important applications. It could be used
to increase the interaction strength of domains with their
cognate ligands through an avidity effect' ™ and to increase the
immunogenicity of antigens for vaccine development.”® There
is a clear correlation between the structural repetitiveness and
the immunogenicity of antigens.” The classical examples are the
virus like particles (VLPs), which are highly immunogenic
proteins composed of a repetitive array of subunits that are
marginally immunogenic in the monomeric form.® The
immunogenicity of polymeric particles is due, among other
factors, to their ability to promote an efficient cross-linking of
the B cell receptors.” This phenomenon produces the activation
and proliferation of the B lymphocytes, the secretion of
antibodies, and the induction of T lymphocyte response. The
most successful examples of the use of VLPs for the
development of protective immune responses in humans are
the current vaccines against hepatitis B'® and human papilloma
virus."" This kind of particles have also been used as carriers to
enhance the immunogenicity of molecules attached to their
structure,”'” constituting an attractive approach for the
development of immunological responses against a wide variety
of microorganisms. However, the coupling of molecules to
oligomeric scaffolds is challenging. The chemical conjugation
and genetic fusion strategies”> commonly used have several
limitations. The delicate balance that exist between the
conjugation yield, the conditions used for the coupling reaction,
and the possible modification of multiple sites could affect the
heterogeneity and stability of the products in the chemical
conjugation procedures.”**™'® On the other hand, interactions
between the subunits and target molecules usually prevent the
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proper folding and assembly of the polymeric particles in the
recombinant fusion approach.® Although there are some
successful examples of the polyvalent display of proteins
through recombinant fusion to VLPs,'”~?' this strategy is
limited by the size of the coupled ligand and is mostly used for
the display of small peptides. These antigens, however, are
usually poor immunogens to elicit protective antibody
responses against pathogens due to their conformational
flexibility and lack of a well-defined three-dimensional structure.
To produce neutralizing antibodies, the immune system has to
be exposed to whole proteins in their native conformation.
Therefore, the development of strategies for the polymeric
display of native proteins is valuable.

Noncovalent coupling methods have emerged as an
alternative to chemical conjugation and recombinant fusion
techniques. This modular approach is based on the specific
interaction of molecular adaptors complementary fused to the
structure of the coupling partners. A few methods have been
proposed for the noncovalent coupling of proteins to
VLPs,”*"** but these usually involve the recombinant fusion
of the target and/or the scaffold proteins to large protein
adaptors. This feature would restrict the general applicability of
these methods due to the potential interaction of the fused
proteins during the folding stage. In principle, small adaptors
like coiled coil peptides could be better tolerated. These
peptides have been widely used as oligomerization modules and
for the noncovalent coupling of simple molecules.*® However,
their use for the noncovalent coupling of ligands to polymeric
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particles has been limited.**™>® This is probably due to an
increased tendency of the peptides to homodimerize through
avidity interactions in the context of the repetitive scaffold and
the subsequent cross-linking and aggregation of the particles.
This phenomenon would be even more important when higher
order oligomers are used.

Oligomeric scaffolds smaller than the VLPs may be
advantageous for the polyvalent display of proteins. Brucella
spp. lumazine synthase (BLS) is an enzyme that catalyzes an
intermediate step in the biosynthesis of riboflavin in bacteria,
fungi, and plants.”®*° It has a decameric structure formed by 17
kDa subunits arranged as dimer of pentamers.’**> It is a
powerful immunogen capable of eliciting strong humoral and
cellular responses in animals inoculated either with the protein
or with a plasmid coding to its sequence.’>** The
immunogenicity of BLS is related to its oligomeric structure,
its capacity to activate dendritic cells,”> and its high
thermodynamic stability and resistance to proteolysis,® which
may increase its half-life inside organisms. In previous works we
have successfully used BLS as a carrier to enhance the
immunogenicity of short peptides fused to its structure.’® We
also demonstrated that it is possible to couple proteins of
moderate size (9—18 kDa) to the structure of BLS by
recombinant fusion.”” > This method allowed us to obtain
well folded and stable decameric particles with enhanced
immunogenicity and functional avidity compared to the
isolated species. However, the constructs are expressed almost
completely as inclusion bodies in E. coli and require refolding
steps that have been proved to be unsuccessful in some cases.

In this work, we evaluate a novel modular coupling method
based on the noncovalent interaction of a set of high affinity
heterodimeric coiled coil peptides** complementary fused to
the structure of BLS and the target protein. The fused peptides
do not significantly interfere with the folding process of the
scaffold and the target protein, and the coupling is simply
produced by in vitro mixing the complementary species after
their independent expression and purification.

To test the performance of this method we used a variety of
proteins of unrelated functions and folds, and characterized the
structure of the polymeric species obtained. The results
presented here demonstrate that high affinity heterodimeric
coiled coil peptides could be used for the noncovalent coupling
of proteins to BLS, and highlight the use of this method for the
production of polymeric particles for vaccine development and
polyfunctional particles for nanobiotechnological applications.

B MATERIALS AND METHODS

Assembly and Purification of Polyvalent Particles. The
heterodimeric coiled coil peptides leul and leu2 were used to produce
the noncovalent coupling of proteins to the structure of BLS. For this
aim we used stock solutions of purified leul-BLS (~0.5 mg/mL) in S0
mM Tris/HCl, 8 M urea, S mM EDTA, 1 mM PMSF, pH 8.5, and
purified leu2 or leu2 fusion proteins (~0.5 mg/mL) in SO0 mM Tris/
HCl, 5 mM EDTA, 1 mM PMSF, 0.15 M NaCl, pH 8.5 (buffer A).
Prior to the coupling process the proteins were incubated at 35 °C for
1S5 min to help the dissociation of possible homodimers of leu2 and
leul. After this, the coupling was produced by a rapid 1/10 dilution of
the stock solution of leul-BLS in a solution containing a 1.2 molar
excess of leu2 or leu2 fusion proteins in buffer A, and incubation at
room temperature for 15 min. Typically, 10 mL of solution containing
the complex formed was concentrated to ~0.5 mL by ultrafiltration
using a centriprep Ultracel 10 K membrane device (Millipore, Billerica,
MA, US.A.) and purified by size exclusion chromatography on a
Superose 6 column (GE Healthcare Bio-Sciences AB, Uppsala,
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Sweden) using buffer A supplemented with 0.05% Tween 20. The
complexes obtained were frozen using liquid nitrogen and stored at
—80 °C. For the assembly and purification of the C-RBD3 complex we
used buffer A containing 1 M NaCl concentration.

Circular Dichroism. The CD spectra of the proteins in the far UV
region (250—200 nm) were measured on a JASCO J-810
spectropolarimeter at different experimental conditions (buffer
composition, temperature, NaCl, and urea concentration), using
quartz cuvettes of either a 1 or 5 mm path length. Samples were
incubated at least 1 h before taking CD measurements. In general, the
data was converted to molar ellipticity [0] per dmol of protein (in
units of deg cm” dmolpmfl). In the case of leul-BLS, the CD spectra is
shown in molar ellipticity [#] per dmol of residues (in units of deg cm?
dmol,,,"") using a mean residue weight value of 111.3 g/mol.
Unfolding of the proteins was monitored by the change in their molar
ellipticity at 222 nm as a function of denaturant concentration. The
CD spectra of RBD3 and VP8 was obtained from previous work,>”**
and the one of eGFP was theoretically calculated with the k2d
program41 (http: //www.embl.de/~andrade/k2d/) using the reported
structure of this protein (pdb code 1QYO).*

Light Scattering. The M, and R, of the protein samples was
determined on a Precision Detectors PD2010 light scattering
instrument tandemly connected to a high-performance liquid
chromatography system, including a Waters 486 UV detector, and a
LKB 2142 differential refractometer. The protein complexes were run
on a Superose 6 column (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden). C-leu2, C-VP8, and C-eGFP were eluted in buffer A
containing 0.05% Tween 20, whereas C-RBD3 was eluted in buffer A
containing 0.05% Tween 20 and 1 M NaCl. Leul-BLS was run on a
Superdex 200 column (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden) and eluted with 50 mM Tris/HCI, 0.15 M NaCl, 5 mM
EDTA, 1 mM PMSF, 8 M urea, and pH 8.5 buffer. All separations
were performed at a 0.5 mL/min flow rate. The elution was monitored
by measuring the static light scattering at 90° (SLS), the UV
absorption at 280 nm (UV,g), and the refractive index (RI) signals.
The data was recorded on a PC computer and analyzed with the
Discovery32 software supplied by Precision Detectors. The molecular
weight of each sample was calculated by the analysis of the SLS and RI
signals, and comparison of the results with the ones obtained for BSA
as a standard (M,, 66.5 kDa). This procedure, commonly known as the
“two detector method”,**** is summarized in the Supporting
Information. The Ry, of the proteins was calculated from the analysis
of the dynamic light scattering signal of the elution peak.

Thermal Denaturation. The heat-induced denaturation of BLS,
leul-BLS, and C-leu2 in 50 mM Tris/HCI, 0.1 M NaCl, pH 8 buffer in
the presence or absence of urea was followed by measuring the CD
signal at 222 nm of these proteins on a JASCO J-810
spectropolarimeter as a function of temperature. The samples were
slowly heated by increasing the temperature with a Peltier system
(Jasco). The temperature scanning was done on the 4—95 °C range at
a speed of 4 °C/min. The molar ellipticity at 222 nm was measured
every 0.5 °C. Fast or slow cooling back to 6 °C (from 95 to 6 °C at a
speed of 1 °C/min) showed no recovery of the ellipticity,
demonstrating the irreversibility of the thermal unfolding transitions
of C-leu2 and leul-BLS in agreement with the irreversibility of the
thermal unfolding transition of BLS. Thus, the T, of the thermal
transitions of leul-BLS, C-leu2, and BLS are reported as apparent Tp,.

Immunization. Five female Balb/c mice were intraperitoneally
immunized with 80 pg C-RBD3 in 50 mM Tris/HCI, 1.2 M NacCl, 0.8
M urea, pH 8 buffer, and boosted on day 14 with the same dose. As a
control, five female Balb/c mice were intraperitoneally immunized
with a mixture of 31 g of RBD3-leu2 and 38 ug of BLS in S0 mM
Tris/HCl, 1.2 M NaCl, 0.8 M urea, pH 8 buffer, and boosted on day
14 with the same dose. Sera were obtained at 21, 35, and 138 days
after the first immunization. Experiments involving animals were
approved by the Institutional Animal Care and Use Committee of the
Fundacién Instituto Leloir (IACUC-FIL) according to the Principles
for Biomedical Research involving animals of the Council for
International Organizations for Medical Sciences and provisions stated
in the Guide for the Care and Use of Laboratory Animals.
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ELISA Assays. Standard ELISA procedures were followed to
measure antibody response against RBD3 and BLS. Nunc Maxisorp
plates were coated with 50 yL of GST-RBD3 or BLS proteins (0.2 ug/
well). The wells were then blocked with PBS containing 1% skim milk.
The same solution was used for further dilutions of the primary and
secondary antibodies. Plates were washed at each step with PBS. The
reactivity of the sera was revealed by incubation with peroxidase-
conjugated polyclonal antibodies against mice IgG (Sigma, St. Louis,
MO). The reaction was developed by adding SO uL of a solution
containing 2 pug/uL orthophenylenediamine and 0.03% H,0, in 0.1 M
citrate phosphate buffer, and was stopped with 50 uL of 4 N H,SO,.
The absorbance at 492 nm of the chromophoric product was
measured in an ELISA reader (SLT Lab Instruments). ELISA titers
were calculated as the last dilution with an absorbance three times
higher than the background. The values reported correspond to
averages for each group of animals. For this analysis, the absorbance
corresponding to the replicates of each immunization group was
averaged at each dilution and compared with the cut off established.

Molecular Modeling. The theoretical structure of the leul and
leu2 heterodimeric coiled coil peptides was carried out by homology
modeling with Swiss-Model (http:// swissmodel.expasy.org/ )45’46
using the crystal structure of the C-terminal region of striated muscle
alpha-tropomyosin as template (pdb code: 1KQL*’). The theoretical
structure of C-leu2 was modeled with the Swiss-PdbViewer program
(http://spdbv.vital-it.ch/)*® by fusing the C-terminal end of the leul
peptide in the theoretical model of leul/leu2 heterodimer to the
structure of BLS (pdb code: 1DIO*) through a pentapeptide linker of
sequence GSGSG. The theoretical structures of C-eGFP, C-VP8, and
C-(VP8+eGFP) were generated with the Swiss-PdbViewer program by
fusing the N-terminal end of leu2 in the theoretical model of C-leu2 to
the C-terminal end of the structures of eGFP (pdb code: 2Y0G*® and
the model of the 62—224 region of the VP4 protein of BRV (VP8)
through the pentapeptide linker GSGSG. The structure of VP8 was
obtained by homology modeling with Swiss-Model using the
crystallographic structure of VP8,_»,, of Rhesus rotavirus as template
(pdb code: IKQR®").

Fluorescence. The fluorescence of eGFP was measured on an LS
50B PerkinElmer luminescence spectrometer. A 4 nm bandwidth slits
was used for excitation and emission. The excitation wavelength was
set to 488 nm and the emission intensity was measured at S10 nm. All
measurements were done at 25 °C in 50 mM Tris/HCI, 0.1 M NaCl,
pH 8 bulffer.

Binding of C-(eGFP+VP8) to Cells. HeLa cells were grown in
standard conditions. Approximately 0.5 X 10° cells were transferred to
cell culture plates containing microscope coverslips and incubated
overnight at 37 °C in 10% CO,. Then, the cells were washed with
Hank’s buffered salt solution (HBSS, Gibco, U.S.A.) and fixed using
4% paraformaldehyde for 15 min. The coverslip containing the cells
was blocked with TBS buffer 1% BSA for 30 min, washed with TBS,
and incubated with S pg of C-eGFP or an equimolar amount of C-
(eGFP+VP8) in TBS buffer 1% BSA for 30 min at room temperature.
Finally, the coverslips were mounted on microscope slides and
analyzed in an LSM S10 confocal microscope (Carl Zeiss, Germany).

B RESULTS AND DISCUSSION

Noncovalent Coupling through Heterodimeric Coiled
Coil Peptides. In previous works, we used a recombinant
fusion approach to couple proteins to the structure of
BLS.>’ 7" However, all the proteins tested were expressed as
inclusion bodies in E. coli and required a refolding step that not
always succeeded. Therefore, we decided to implement a
noncovalent coupling strategy based on the use of high affinity
heterodimeric peptides complementary fused to the structure of
BLS and the target protein. This approach allows for the
independent folding of the target protein and the scaffold, and
the coupling could be simply produced by mixing the
complementary species after their independent expression
and purification. The rationale behind this method is that the
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fusion of the heterodimeric peptides to the structure of the
scaffold and the target protein would be better tolerated than
the direct fusion of both proteins.

To develop this method we used a set of high affinity
heterodimeric coiled coil peptides described previously.*’
Specifically, we used the 43-mer peptides RR,EE;,L and
EE,RRy,;L that we will call for convenience leul and leu2,
respectively. These peptides are derived from the structure of
the leucine zipper VBP protein and have been engineered to
destabilize homomeric interactions and favor the heterodimeric
species. The isolated peptides have no structure at room
temperature but when mixed they arrange as a heterodimeric
coiled coil of high thermodynamic stability (K3 = 1.3 X 107"
M).* It has to be noted, however, that although the isolated
peptides are disordered they have some tendency to form
homodimers at low temperatures. Therefore, we decided to
fuse leul to the structure of BLS because this peptide has a
lower tendency to dimerize than leu2.

The fusion of leul to the structure of BLS was carried out at
the N-terminal end of the protein because it is a flexible region
that does not contribute to the stabilization of the native
structure and was previously shown to tolerate the insertion of
peptides and small protein domains.**"> On the other hand,
leu2 was fused to the C-terminal end of the target proteins
(Figure 1). In both cases, the peptides were fused to the

target-leu2/leul-BLS

leul-BLS target-leu2

Figure 1. Noncovalent coupling of proteins to the structure of BLS.
The leul and BLS modules in the structure of the leul-BLS fusion
protein are colored black and red, whereas the leu2 and target protein
modules in the other fusion are colored blue and green, respectively.

proteins through a flexible and hydrophilic pentapeptide linker
(GSGSG) to minimize any possible interference with the
proper folding of the proteins and to favor the mutual
recognition of the heterodimeric peptides.

Production and Characterization of leu1-BLS. The
leul-BLS fusion protein was cloned in the pET11a vector and
expressed in E. coli at high levels, both at 28 and 37 °C.
However, the protein was obtained as inclusion bodies and no
soluble fraction was observed. The solubilization of the
inclusion bodies in 8 M urea and dialysis against buffer
produced the precipitation of the material again. To investigate
the cause of this phenomenon, we purified the protein in
denaturant conditions and characterized its conformational
state at decreasing urea concentrations. The purification was
carried out by anion exchange chromatography in the presence
of 8 M urea. The purified protein was characterized by
measurement of the molecular weight by size exclusion
chromatography coupled to a static light scattering detector

dx.doi.org/10.1021/bm201875p | Biomacromolecules 2012, 13, 1112—1121
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Figure 2. Structural analysis of leul-BLS. (A) SEC-SLS analysis of leul-BLS. The protein was loaded in a Superdex 200 HR 10/30 and eluted with
buffer containing 8 M urea. The elution was monitored by measuring the light scattering at 90° (black continuous line) and UV absorption at 280
nm (gray dashed line) signals. (B) Thermal unfolding of leul-BLS. The transition was followed by measuring the CD signal at 222 nm as a function
of temperature in a buffer containing 7 (gray dashed line) and 0.4 M urea (black continuous line). (C) CD spectra of leul-BLS at varying urea
concentrations (0.4—7 M). The inset shows the signal at 222 nm of the protein as a function of urea. (D) Scattering signal of leul-BLS as a function
of urea concentration. The scattering was evaluated by measuring the UV absorbance of the protein sample at 320 nm. (E) Inhibition of leul-BLS
aggregation by addition of leu2. The time curse of leul-BLS aggregation was evaluated by measuring the turbidity produced by a 1/10 dilution of a
stock solution of leul-BLS (in 8 M urea), with buffer (gray dashed line) or buffer containing a 2-fold molar excess of peptide leu2 (black continuous
line). The turbidity was evaluated by the increase in the absorption of UV light at 320 nm as a function of time. All the experiments were done using

a 50 mM Tris/HCI, 0.1 M NaCl, pH 8 buffer.

(SEC-SLS), and secondary structure content by circular
dichroism (CD) spectroscopy.

The SEC-SLS analysis demonstrated that in 8 M urea leul-
BLS elutes as a complex broad peak with an average molecular
weight of 170 kDa (Figure 2A) compatible with an average
stoichiometry of 7.6 monomers per particle (M,, monomer:
22.2 kDa). This result was interpreted as the coelution of
pentameric and decameric species of leul-BLS in accordance
with the oligomeric state of native BLS, which corresponds to a
dimer of pentamers. The oligomeric state of the particles
suggested that the BLS modules of the fusion protein were
properly folded in the condition of the experiment, in
agreement with the resistance of this protein to urea
denaturation.®® This conclusion was supported by the
significant amount of secondary structure observed in the CD
spectra of the protein (Figure 2C), and most importantly by
the similarity between its thermal unfolding curve in 7 M urea
(apparent Tm: 64 °C, Figure 2B) and that of BLS under the
same conditions (66 °C).”’

When the urea concentration was decreased below 6 M, we
observed a significant increase in the CD signal of the protein
and a progressive increase of turbidity in the sample (Figure
2C,D). These results were interpreted as a consequence of the
homodimerization of leul in the decameric structure of the
fusion protein and subsequent cross-linking and aggregation of
the oligomeric particles. At 0.4 M urea, the protein that
remained soluble presented a complex thermal unfolding
behavior with two transitions (Figure 2B). The component of
higher stability showed a cooperative transition with an
apparent T, of 85 °C compatible with the conformational
stability of BLS under this condition,”” whereas the component
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of lower stability showed a broad unfolding transition between
25 and 75 °C with an apparent T, around 41 °C, which we
attributed to the unfolding and dissociation of leul
homodimers in the context of the BLS particles. It has to be
noted that, although leul has a reported T, that is lower than 6
°C,* it is possible that the polyvalency of leul-BLS would
increase the thermodynamic stability of the homomeric
interactions of leul through an avidity effect. This hypothesis
is supported by the inhibition of the aggregation of leul-BLS
produced by the leu2 peptide. Figure 2E shows the turbidity
signal produced when a stock solution of leul-BLS in 8 M urea
was diluted in a buffer without urea both in the absence and in
the presence of an excess of peptide leu2. In the absence of leu2
a big increase in the turbidity was observed due to the
aggregation of the protein. This aggregation was irreversible as
the addition of leu2 did not reduce the turbidity of the solution.
In contrast, no turbidity was observed when leul-BLS was
diluted in the presence of leu2, demonstrating that the
interaction of this peptide with leul prevents the aggregation
phenomenon. This dilution procedure was then used to couple
proteins to the structure of BLS.

Structural Characterization of the Complex between
leu2 and leul-BLS. To set up the conditions for the
noncovalent coupling of proteins to BLS and to characterize
the structure of the minimal complex common to all polymeric
particles produced by this method, we analyzed the assembly of
leu2 and leul-BLS.

Prior to the coupling, the stock solutions of leul-BLS and
leu2 were preincubated for 15 min at 35 °C to ensure the
unfolding of possible homodimeric species of the peptides. For
the coupling, a stock solution of leul-BLS (0.8 mg/mL in 50

dx.doi.org/10.1021/bm201875p | Biomacromolecules 2012, 13, 1112—1121
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Figure 3. Structural characterization of C-leu2. (A) SEC-SLS analysis of C-leu2. The protein was loaded in a Superose 6 column. The chromatogram
shows the light scattering at 90° (black continuous line) and the UV absorption at 280 nm (gray dashed line) signals of the eluate. The experimental
M,, of the complex indicated in the plot was measured as described in Materials and Methods. (B) CD spectra of C-leu2 (black continuous line)
compared to that of BLS (gray dashed line). (C) CD signal at 222 nm of C-leu2 (black line) and BLS (gray line) as a function of urea concentration.
(D) Thermal unfolding curves of C-leu2 (black continuous line) and BLS (gray dashed line). The transitions were followed by measuring the CD
signal at 222 nm as a function of temperature. (E) Theoretical model of C-leu2 (the BLS decamer is colored black, leul is colored light gray and leu2
is colored dark gray). All experiments were carried out in 50 mM Tris/HCl, 0.1 M NaCl, S mM EDTA, 1 mM PMSF, and pH 8 buffer.

mM Tris/HCl, 8 M urea, pH 8 buffer) was diluted 1/10 in a
solution containing a 1.2-fold molar excess of leu2 in a S0 mM
Tris/HCl, S mM EDTA, 1 mM PMSF, pH 8 buffer, and
incubated for 15 min at room temperature. In these conditions,
no increase in turbidity of leul-BLS was observed, indicating
the association of leul and leu2. After the coupling, the
complex was purified by gel filtration to remove the excess of
leu2 that remained unbound to leul-BLS. The yield of the
coupling reaction was estimated to be 60% relative to the
original amount of leul-BLS used, while the yield of the SEC
purification step of the complexes was estimated to be around
65%. Although the coupling yield was good, we evaluated a
variety of different conditions to test possible improvements.
However, leu2/leul-BLS molar ratios higher than 1.2,
incubation times longer than 15 min or temperatures above
room temperature did not increase the coupling yield and
sometimes produced a slight decrease.

The structure of the complex between leu2 and leul-BLS (C-
leu2) thus obtained was analyzed by SEC-SLS and CD
spectroscopy (Figure 3). The SEC-SLS analysis (Figure 3A)
showed a monodisperse peak (polydispersity index M,/M, =
1.002) of 282 kDa, consistent with the complete coupling of
leu2 (5.6 kDa) to the decameric structure of leul-BLS (C-leu2
theoretical M,: 279 kDa). The CD signal of the complex was
higher than that of the isolated BLS protein due to the presence
of the leu2/leul heterodimeric coiled coil structure (Figure
3B). In addition, urea and thermal unfolding experiments
demonstrated a high thermodynamic stability of C-leu2 (Figure
3C,D). The urea unfolding analysis indicated the preservation
of the structure of the complex up to 6 M urea concentration.
The decrease observed in the CD signal above this
concentration was attributed to the unfolding and dissociation
of the heterodimeric coiled coil because BLS is resistant to this
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denaturant agent.>® The signal of C-leu2 at 8 M urea
approaches that of the isolated BLS module, suggesting a
significant progression in the unfolding transition of the leu2
and leul modules of the complex under this condition. On the
other hand, the thermal unfolding of C-leu2 evidenced a broad
transition between 60 and 90 °C, with an apparent T, of
approximately 73 °C, in agreement with the value reported in
the bibliography for the leu2/leul heterodimeric coiled coil.*’
In this regard, although the thermal stability of the isolated BLS
module (apparent T,, 88 °C°) is higher than that of the
heterodimeric pair of peptides, we did not observed a second
component in the thermal denaturation curve of C-leu2
possibly due to an overlapping of both transitions or a
concomitant aggregation of the protein upon unfolding of the
coiled coil peptides in the absence of urea. In addition, we
observed that the presence of high salt concentration (1.2 M
NaCl) produced only a small decrease of S °C in the apparent
T,, of the particles, and the recromatography of C-leu2 by gel
filtration did not show any significant dissociation of the
complex by dilution, providing further evidence of the
thermodynamic and kinetic stability of the particles.

The results presented in this section indicate that the
structures of BLS and the heterodimeric coiled coil peptides are
preserved in the structure of the C-leu2 complex (Figure 3E).

Coupling of Proteins to the Structure of BLS through
Coiled Coil Peptides. After establishing the assembly
conditions and characterizing the structure of the C-leu2
complex, we tested the coupling of proteins to the structure of
BLS. For this aim we used a set of five proteins of different size
and function. This set included the dsRNA binding domain of
murine Staufen protein (RBD3: 9 kDa), the variable region of a
single domain llama antibody against the trans-sialidase enzyme
of Trypanosoma cruzi (VHHtr: 13 kDa), the sialic acid binding
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domain of bovine rotavirus capsid (VP8: 18 kDa), the ADP
rybosyltransferase toxin from Salmonella typhimurium (SpvB:
25 kDa), and the enhanced green fluorescent protein from
Aequorea victoria (eGFP: 26 kDa)

The proteins were cloned at the amino terminus end of the
leu2 peptide in the pET1la vector using the GSGSG linker
peptide to join both elements. The plasmids thus obtained
encoding the RBD3-leu2 (14.4 kDa), VHHtr-leu2 (19.0 kDa),
VP8-leu2 (24.6 kDa), SpvB-leu2 (30.6 kDa), and eGFP-leu2
(33.1 kDa) fusion proteins were transformed in E. coli. The
expression assays demonstrated that all proteins were expressed
in soluble form at 28 °C (Figure 4). Therefore they were

1 2 3
SN T SN

Figure 4. SDS-PAGE analysis of proteins fused to the leu2 peptide and
expressed in E. coli. The soluble (SN) and total (T) fractions of the
cells expressing RBD3-leu2 (lanes 1 and 2), VHHtr-leu2 (lanes 3 and
4), VP8-leu2 (lanes S and 6), SpvB-leu2 (lanes 7 and 8), and eGFP-
leu2 (lanes 9 and 10) were analyzed. The M,, in kDa of the low
molecular weight markers (lane 11) is shown on the right side of the
figure. The bands corresponding to each protein are labeled with an
asterisk.

purified from the cytoplasmic fraction of the bacteria, avoiding
any refolding step. Initially we only purified the RBD3-leu2,
VP8-leu2, and eGFP-leu2 fusion proteins. VHHtr-leu2 and
SpvB-leu2 were not selected due to their low expression yield
compared to the other proteins. The purifications were carried
out by a combination of ion exchange chromatography and gel
filtration. The SEC-SLS analysis demonstrated that VP8-leu2
and eGFP-leu2 are monomeric at low salt concentrations (M,
27.8 and 39.8 kDa, respectively, at 50 mM Tris/HCI, 0.15 M
NaCl, and pH 8). The analysis of RBD3-leu2 in the same
conditions could not be measured due to the electrostatic
interaction and adsorption of the protein to the column matrix.
The adsorption was prevented by increasing the ionic strength
of the buffer (50 mM Tris/HCl, 1.2 M NaCl, pH 8). In this
condition all the leu2 fusion proteins eluted as dimers (M,
25.3, 45.3, and 66.1 kDa for RBD3-leu2, VP8-leu2, and eGFP-
leu2, respectively). This phenomenon was attributed to the
homodimerization of leu2 promoted by the screening of
repulsive electrostatic interactions at high salt concentration
(lew2 pI ~ 11.0). This hypothesis was confirmed by the M,, of
leu2 measured at low and high salt concentration (M, 5.8 and
10.2 kDa, respectively).

After the purification, the proteins were coupled to the
structure of leul-BLS following the same procedure as
described before for the C-leu2 complex. By this method we
obtained the RBD3-leu2/leul-BLS (C-RBD3), VP8-leu2/leul-
BLS (C-VP8), and eGFP-leu2/leul-BLS (C-eGFP) complexes.
The purification of these products was done by gel filtration.
The yields of the coupling (~60%) and purification (~65%)
steps measured for all proteins were similar to the ones
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Figure S. Structural characterization of the complexes formed between leul-BLS and proteins fused to the leu2 peptide. (A-C) SEC-SLS analysis of
the C-RBD3, C-VP8, and C-eGFP complexes, respectively. The proteins were loaded in a Superose 6 column. The chromatograms show the light
scattering at 90 degree (black continuous line) and the UV absorption at 280 nm (gray dashed line) signals of the eluate. The experimental
molecular weights of the different complexes were measured as described in Materials and Methods, and the values are indicated in each plot. The
insets in A—C show the SDS-PAGE analysis of the peak observed in the chromatogram of each protein complex. The SLS peak observed ~14 min in
(C) corresponds to traces of particulate material eluting at the void. (D-F) CD spectra of C-RBD3, C-VP8, C-eGFP and their corresponding
modules, respectively. In each plot, the experimentally determined spectra of the complex (black continuous line) is compared to the theoretical
spectra (black dashed line) calculated by the sum of the spectra of the corresponding target protein (RBD3, VP8, and eGFP, gray dashed line) and
the C-leu2 complex (gray dotted line). All experiments were carried out in S0 mM Tris/HCl, 0.1 M NaCl, S mM EDTA, 1 mM PMSF, and pH 8
buffer. In the case of C-RBD3, the buffer contained additionally 1.2 M NaCl.
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obtained for the C-leu2 complex. The presence of 1.2 M NaCl
in the assembly buffer of C-RBD3 did not produce any
decrease in the coupling yield in spite of the favorable
dimerization of the leu2 peptide in this condition. This is
probably due to a fast equilibrium between the dimeric and
monomeric species of leu2 under this condition, and the
efficient competition of leul for binding to leu2. At the same
time, the presence of 0.8 M urea in the assembly buffer would
favorably shift the equilibria between monomeric and dimeric
species of leu2.

The conformational state of the purified complexes was
analyzed by different biophysical techniques. The SEC-SLS
analysis (Figure SA—C) indicated that all complexes eluted as
single homogeneous peaks (polydispersity index M, /M, ~
1.001) of a molecular weight (M,: 397, 476, and 559 kDa for
C-RBD3, C-VP8, and C-eGFP, respectively) compatible with
the complete coupling of the proteins to the decameric
structure of leul-BLS (theoretical M,: 367, 469, and 554 kDa
for the C-RBD3, C-VP8, and C-eGFP decameric complexes,
respectively). The elution peaks observed by gel filtration were
analyzed by SDS PAGE and showed the presence of equimolar
amounts of two bands corresponding to leul-BLS and the
respective target protein fused to the leu2 peptide. The
hydrodynamic radius (Rh) of the particles obtained was ~7.5
nm as measured by dynamic light scattering (DLS). The CD
spectra of the complexes (Figure SD—F) was equivalent to the
sum of the spectra of the isolated target protein and the C-leu2
complex (which includes the BLS, leu2, and leul modules),
indicating the conservation of the secondary structure of the
different modules in the structure of the complex.

Furthermore, thermal unfolding experiments indicated that
the C-RBD3 and C-VP8 complexes are stable up to 50 and 60
°C, respectively, in agreement with the stability of the isolated
RBD3 and VP8 proteins which are the modules of lower
stability in the complexes. In addition, the fluorescence of C-
eGFP was analyzed and revealed an excitation and emission
spectra characteristic of the native eGFP protein. All these data
indicate that the different modules are properly folded in the
structure of the polyvalent particles.

To evaluate the kinetic stability of the complexes we
incubated the C-VP8 complex with a 2.5 fold molar excess of
eGFP-leu2. In this condition, it would be expected that at
equilibrium 72% of the original VP8-leu2 associated with leul-
BLS would be displaced from the complex by competition with
the excess of eGFP-leu2. However, after 16 h of incubation at 4
°C and analysis of the mixture by size exclusion chromatog-
raphy, no significant amount of eGFP fluorescence was
observed associated to the elution peak of the C-VP8 complex
(see Figure S1 in the Supporting Information). This result
demonstrates that no significant displacement of VP8-leu2 from
the C-VP8 complex is produced by eGFP-leu2 under the
conditions tested, indicating that the heterodimeric structure of
the leu2 and leul peptides is very stable and has a very low
dissociation rate constant.

Finally, it has to be noted that the complexes could be stored
for weeks at 4 °C without any significant loss of material. Only
an unspecific adsorption phenomenon to glass or plastic
material was observed, but could be completely prevented by
the addition of 0.05% Tween20 to the sample. For long-term
storage the complexes were frozen at —80 °C in the presence of
0.05% Tween20 or 1% BSA, and resisted freeze thaw cycles
without any significant loss of material.
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Polyvalent Display of Proteins by Noncovalent
Coupling to the Structure of BLS Increase the
Immunogenicity of Antigens. To test the increase in the
immunogenicity of antigens produced by the noncovalent
coupling to the decameric structure of BLS, we used the RBD3
antigen, as we did before for the recombinant fusion strategy.37
For this aim we used two experimental groups of mice. The first
group was intraperitoneally inoculated with the C-RBD3
complex, whereas the second group was inoculated with an
equimolar mixture of the isolated RBD3-leu2 and BLS proteins
as control. The immunizations were carried out in the absence
of adjuvants. Both groups were boosted with the same dose two
weeks later and bled at days 21, 35, and 138 to evaluate the titer
of anti-RBD3 and anti-BLS antibodies in the sera.

The control group produced no significant response toward
the RBD3 antigen (titer <100), whereas the group inoculated
with the C-RBD3 complex showed a high and persistent
response toward this antigen (Figure 6), with titers of 3200 at
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Figure 6. Time evolution of the anti-RBD3 (A) and anti-BLS (B)
antibodies in the sera of mice inoculated with the C-RBD3 complex
(black dots) or an equimolar mixture of RBD3-leu2 and BLS (white
dots). The antibody response was evaluated by the absorbance at 492
nm produced in ELISA assays using a 1/100 dilution of the sera. The
horizontal lines show the average signal of each group. The error bars
correspond to the standard deviation of the replicates. One mouse of
the test group died between days 35 and 138.

day 35 and 1600 at day 138. The increase in the
immunogenicity of RBD3 was similar to that obtained using
the recombinant fusion strategy,37 suggesting no significant
dissociation of the protein complex upon dilution in the
inoculated animal. Indeed, only trace amounts of the protein
complex (~0.1%) would be expected to dissociate upon
dilution in the mice fluids based on the high affinity interaction
between leul and leu2 (Kp 1.3 X 107!! M) and the dose used
in the experiment. These results demonstrate that the
polyvalent display by noncovalent coupling to BLS is an
effective method to increase the immunogenicity of antigens.
This effect is even more important taking into account that
RBD3 is an autologous antigen. Thus, the polyvalent display
could overcome the tolerance of the mice to this self-antigen.
The increase in immunogenicity was produced only when the
antigen was coupled to the structure of BLS as the
coadministration of RBD3-leu2 and BLS produced no
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Figure 7. Bifunctional particle C-(VP8+eGFP) produced by the simultaneous coupling of VP8-leu2 and eGFP-leu2 to the structure of leul-BLS. The
figure shows the SEC-SLS purification and analysis of C-(VP8+eGFP) and C-eGFP particles (A and B, respectively). The elution was monitored by
measuring the light scattering at 90 degree (black continuous line), the UV absorption at 280 nm (gray dashed line), and the eGFP fluorescence at
510 nm measured on fractions collected at 1 min time intervals (green bars). The M,, measured by SLS of the peaks corresponding to the elution of
the protein complexes (~2S min) are indicated in each plot. The SLS peaks observed at the void (~1S min) corresponds to small amounts of
particulate material. The peaks observed between 30 and 40 min correspond to the excess e-GFP-leu2, VP8-leu2 and leul-BLS that remained
uncoupled. (C) SDS-PAGE analysis of the elution peaks of C-(VP8+eGFP) (lane 1) and C-eGFP (lane 2). (D and E) Theoretical models of the C-
(VP8+eGFP) and C-eGFP complexes, respectively. (F and G) Fluorescence microscopy images of HeLa cells incubated with the C-(VP8+eGFP)
and C-eGFP complexes, respectively. Due to the absence of any signal in the fluorescence microscopy image of C-eGFP, a bright field image is also

shown in the inset to demonstrate the presence of cells in the field.

significant response. This lack of response in the control sample
also indicates that the fusion to the leu2 peptide by its own do
not increase the immunogenicity of the antigen.

Finally, we observed high and persistent titers of anti-BLS
antibodies in both experimental groups with titers as high as
12800 at day 35, and 1600 at day 138 for the control sample,
and 3200 at day 35, and 800 at day 138 for the C-RBD3
sample. The slight decrease observed in the anti-BLS titer of
the C-RBD3 sample compared to the control sample could be
related to a lower accessibility of BLS in the structure of the
complex.

Colocalization and Production of Polyfunctional
Particles. The coupling through heterodimeric peptides
represents a straightforward procedure to colocalize different
proteins in the same polymeric particle. In this case,
multifunctional particles could be produced simply by mixing
leul-BLS with different proteins attached to the leu2 peptide.
This application was explored by the production of a
bifunctional particle containing the VP8 and eGFP proteins.
As mentioned before VP8 is a protein domain of bovine
rotavirus capsid that binds to sialic acid found in the surface of
cells, while eGFP is the green fluorescent protein from
Aequorea victoria. The mixture of leul-BLS with equimolar
amounts of VP8-leu2 and eGFP-leu2 produced mixed
polymeric particles C-(VP8+eGFP) with an average molecular
weight of 524 kDa measured by SEC-SLS analysis (Figure 7).
This value is intermediate to the theoretical molecular weight of
the homogeneus C-VP8 (469 kDa) and C-eGFP (554 kDa)
complexes. The elution peak of C-(VP8+eGFP) contained
three components (leul-BLS, VP8-leu2 and eGFP-leu2) as
shown by SDS-PAGE analysis, and an amount of fluorescence
relative to protein concentration 2-fold lower than that
observed for C-eGFP as expected for the bifunctional particle.

The incubation of C-(VP8+eGFP) with HeLa cells produced
a fluorescent label on the surface of the cells, demonstrating the
colocalization of eGFP and VP8 in the same oligomeric particle.
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As a control, we also incubated the C-eGFP complex with
HeLa cells. In this case no fluorescence was observed,
discarding any nonspecific binding of the particle to the cells.

B CONCLUSIONS

In this work we introduced a method for the polyvalent display
of proteins based on the noncovalent coupling to the
oligomeric structure of BLS. For this aim we used a pair of
high affinity heterodimeric coiled coil peptides** complemen-
tary fused to the structure of BLS and the target protein. This
method prevents any possible interaction between the scaffold
and the target protein during the folding process due to their
independent expression and purification. Then, the coupling is
produced through the mixture of the complementary species.
In the current work we detected a tendency of leul-BLS to
self-associate through homomeric interactions of the leul
peptide. These interactions were disrupted upon solubilization
of the inclusion bodies in urea, and were totally blocked after
coupling of the protein to the leu2 partner. On the other hand,
all the proteins fused to the leu2 peptide were soluble expressed
in E. coli avoiding any particular treatment of the samples. In
principle, depending on any particular need, the target protein
fused to the leu2 peptide could be expressed in different cell
types for example to produce a specific post-translational
modification or assistance of chaperones in the folding process.
Using this noncovalent strategy, we produced the complete
coupling of a series of proteins to the structure of BLS,
obtaining monodisperse decameric particles with all the protein
modules properly folded. The high yield of the coupling
procedure allowed an efficient usage of the recombinant
proteins compared to chemical conjugation procedures that
require a large excess of substrates due to low conjugation
efficiencies. The high thermodynamic and kinetic stability of
BLS and the heterodimeric coiled coil peptides used was
manifested in the stability of the polyvalent particles obtained.
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In this work, we also demonstrated that the coupling of
proteins to the structure of BLS could be used to increase the
immunogenicity of antigens. The polyvalent display of RBD3
by noncovalent coupling to the structure of BLS was able to
overcome the tolerance of mice to this self-antigen and
produced an increase in the immunogenicity of RBD3 similar
to that obtained with the recombinant fusion strategy.>’

In addition, we showed that the coupling of proteins to BLS
through heterodimeric peptides is an easy and straightforward
procedure for preparing multifunctional particles. This scaffold
could potentially colocalize up to 10 different protein or
nonprotein functionalities, allowing the combination of a
variety of functions like cell targeting, cell internalization,
subcellular localization signals, fluorescent or radioactive tags,
cytotoxic enzymes or other biological effectors in the same
particle. Due to the multivalent nature of the display, the
previous functions may also be combined with an increase in
the interaction strength of binding domains for their target
ligands through an avidity effect, or a high density of
fluorescent proteins for increasing the brilliance of the particles
and facilitate their tracking in single molecule experiments.

In the area of vaccine development the polyfunctional
particles could be used to colocalize different antigens in the
same particle. However, it is not clear whether this type of
immunogen would have any advantage over the coadministra-
tion of multiple monospecific particles. In addition, the
colocalization of antigens with coestimulatory molecules in
the structure of BLS could probably be used to further increase
the immunogenicity of the antigen or to switch the type of
immunogenic response.

Due to the stochastic nature of the assembly process, the
composition of the polyfunctional particles would be
heterogeneous. The percentage of particles that colocalize a
given set of elements would be inversely related to the number
of elements used. This feature would determine the coexistence
of particles with full colocalization and particles with partial or
no colocalization. The presence of particles with partial
colocalization could be a problem or not for some applications.
However, if a sample with full colocalization is needed it might
be possible to use different purification tags (HIS, FLAG, HA,
MYC, etc.) for each type of protein and perform a multi tag
purification of the assembly products.

The results presented in this work indicate that the
noncovalent coupling of proteins to the structure of BLS
through heterodimeric coiled coil peptides is a very useful
method for vaccine development and also for the production of
polyfunctional particles. This type of particles has also a great
potential for molecular, cell biology, and nanobiotechnological
applications.
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